Two Oregon populations of the partially self-fertilizing Mimulus guttatus, located on Iron Mountain and Cone Peak, were surveyed for the frequency of recessive chlorophyll-deficient lethals by selfing plants collected as seed from the wild. Allelism tests were used to determine the number of different loci with lethal alleles present in the carriers isolated in the population surveys. The frequency of carriers was 0.065 for the Iron Mountain population (23/356) and 0.024 for the Cone Peak population (8/327). Allelism tests of the 31 carriers isolated from both populations revealed the existence of 26 different independently acting loci and two different duplicate locus systems with lethal alleles. These results indicate that the component of inbreeding depression caused by chlorophyll-deficient lethals is not due to single locus heterozygote advantage and is probably caused by mutation-selection balance at many loci. Estimates of the genomic and per locus mutation rates for this class of lethals are in close agreement with those obtained in studies of chlorophyll-deficient lethals in several agricultural plant species. Genetic analysis of a California population of M guttatus, reported in the literature to exhibit an unusually high per locus mutation rate and segregation distortion for a chlorophyll-deficient lethal, revealed that chlorophylldeficiency is inherited as a duplicate gene system. This mode of inheritance, not recognized previously, can explain the appearance of unusually high mutation rates and segregation distortion.
Introduction
Inbreeding depression, the decreased fitness of inbred individuals as compared to outcrossed individuals, plays a major role in the evolution of plant and animal mating systems (Charlesworth & Charlesworth, 1979;  Lloyd, 1979; Lande & Schemske, 1985; Charlesworth et al., 1990) , in the production of economically important varieties of plants and animals (Falconer, 1981; Mather & Jinks, 1982) , and in the management of rare and endangered species (Soulé, 1986; Lynch & Gabriel, 1990) . In spite of the importance of inbreeding depression to diverse areas of ecology and evolutionary biology, the genetic cause of this phenomenon has not been completely resolved since two alternative hypotheses were proposed early this century. The most plausible explanation of inbreeding depression is the Present address: Department of Biology, University of Oregon, Eugene, OR 97403 U.S.A. 562 partial dominance hypothesis, in which many recessive or nearly recessive alleles are maintained in populations by mutation-selection balance. The alternative explanation posits that genetic load is primarily segregational and that alleles are maintained by heterozygote advantage. Experimental studies in plants and animals have shown that most of the inbreeding depression observed in experimental and natural populations is consistent with the partial dominance hypothesis, although overdominance cannot be ruled out in many cases (Simmons & Crow, 1977; Wright, 1977; Crow & Simmons, 1983; Jinks, 1983; Sprague, 1983; Charlesworth & Charlesworth, 1987; Houle, 1989) .
The genetic basis of inbreeding depression is difficult to analyse in most cases because of the contribution of large numbers of genes with individually small effects on the total genetic load. Genes with major effects on fitness, like lethals or sublethals, are much more amenable to genetic analysis than mildly delete-rious genes, and have been intensively studied in terms of their degree of dominance. In natural populations of Drosophila, for example, lethals seem to be largely recessive on average (h 0.02) and individually too rare to be maintained by overdominance (Dobzhansky & Wright, 1941; Wright et al., 1942; Prout, 1952; Crow, 1964; Crow & Temin, 1964; Simmons & Crow, 1977; Crow & Simmons, 1983 ; but see Mukai & Burdick, 1959; Schnick et a!., 1960; Dobzhansky & Spassky, 1968) . Studies of gametophytic and sporophytic lethals in natural fern populations show that most lethals are unique and non-allelic with other lethals, suggesting that the genetic load due to these genes is mutational (Klekowski, 1970 (Klekowski, , 1976 (Klekowski, , 1984 Ganders, 1972; Hedrick, 1987) .
Lethal chlorophyll-deficient mutations are common in a wide variety of cultivated and natural plant species, and can be a major component of inbreeding depression (Crumpacker, 1967; Ohnishi, 1982) . These mutations are recessive in their phenotypic expression, with mutant homozygotes germinating as white or yellow seedlings that can survive only for a few days. Some mutations produce pale green seedlings that can occasionally survive but most of the genes that have been studied are unconditionally lethal when homozygous (Crumpacker, 1967; Wettstein et al., 1971; Klekowski, 1988) .
Heterozygotes for chlorophyll-deficient mutations can be extremely common in some plant populations and several studies have reported that these lethal genes were maintained at high frequency by overdominance (Gustafsson, 1947; Williams & Brown, 1956; Apirion & Zohary, 1961; Curran, 1963; Kiang & Libby, 1972) . Unfortunately, complete genetic analyses were not done in many of these studies and there is considerable doubt as to whether the apparent overdominance was caused by the locus itself, or even if the polymorphisms were due to genes at a single locus (Schuler, 1954; Crumpacker, 1967; Charlesworth eta!., 1990) . Kiang & Libby (Kiang, 1970; Kiang & Libby, 1972) performed the most detailed of these genetic analyses in their study of an unusually frequent chlorophylldeficient mutation (q 0.17) in a largely clonal, perennial population of Mimu!us guttatus in Plumas County, California. Genetic studies seemed to indicate that this was indeed a single-locus polymorphism and the authors attributed the high frequency of the lethal to heterozygote advantage during clonal growth (Kiang, 1970; Kiang & Libby, 1972) . Direct estimates were made of the single locus mutation rate by crossing normal homozygotes (WW), with heterozygote (Ww) and scoring the frequency of mutant seedlings (Kiang & Libby, 1972) . This experiment yielded an ususually high single locus mutation rate estimate of 1.3 x 10. The authors also found slight segregation distortion in favour of the mutant allele in WWX Ww crosses, but not in Ww x Ww crosses (Kiang, 1970; Kiang & Libby, 1972) . They concluded that, although there was evidence of a high mutation rate and segregation distortion, the polymorphism was probably maintained by heterozygote advantage. The claims of overdominance in this study and in the studies cited above are in direct contrast to other studies of cultivated species which show that many genes can mutate to cause chlorophyll-deficient lethals and that much of the load can be explained by mutation-selection balance (Crumpacker, 1967; Wettstein et a!., 1971; Ohnishi, 1982; Klekowski, 1988) .
This study will address the genetic basis of inbreeding depression caused by chlorophyll-deficient lethals in two annual populations of the monkeyflower M. guttatus. These partially self-fertilizing populations are located on Iron Mountain and Cone Peak in Oregon's Western Cascades, and exhibit considerable inbreeding depression for many major components of fitness and morphological traits (Willis, 1991) . Inbred families also frequently contain chlorophyll-deficient seedlings that die shortly after germination. The goals of this study were to determine the frequency of heterozygotes in both populations for chlorophylldeficient mutations and to determine, by allelism, tests whether the carriers were all heterozygous at the same locus or at many different loci. A high frequency of a single lethal allele would support the overdominance hypothesis, while polymorphism due to rare alleles at many loci is taken as evidence for the partial dominance hypothesis. This study will also include a genetic analysis of the chlorophyll-deficient mutations present in the California population of M. guttatus studied by Kiang & Libby (Kiang, 1970; Kiang & Libby, 1972) , with the purpose of determining whether their unusual results of a high per locus mutation rate and segregation distortion might be explained by aspects of the genetic system not recognized in their experiments.
Materials and methods

Population surveys
The plants that were screened for chlorophyll-deficient mutations were obtained as seed from each population in August 1989, as described in detail in Willis (1991) .
Approximately 350 randomly chosen plants were sampled from each population and seeds from each of these families were germinated in the Universtiy of Chicago's greenhouse in the late fall of 1989. One seedling from each family was randomly selected and transplanted individually into a 3.5" square pot. Plants were grown to flowering in the greenhouse, and selfpollinated during the spring of 1990. Up to 20 selfed seeds from each plant (mean seed number per selfed family = 18.9) were planted into 98-cell flats filled with ProMix in late May 1990. All seeds from a particular family were planted in the same cell. The total number of selfed families planted was 356 for the Iron Mountain population and 327 for the Cone Peak population. Flats were transported to the greenhouse at the University of Oregon in Eugene, Oregon, in early June 1990. During this time flats were watered and repositioned frequently to minimize environmental differences between flats. The emergence of any chlorophyll-deficient seedlings was noted. Most seeds had germinated by the end of the trip in early June. Three days after the flats had been transferred to the University of Oregon greenhouse, all selfed families were censused for the number of germinated seeds and for the presence of any chlorophyll-deficient seedlings.
Allelism tests
The parents of any selfed family containing chlorophylldeficient seedlings were retained at the University of Chicago greenhouse and maintained by clonal propagation. During the fall, winter, and spring of 1990-91, these carriers were self-fertilized and were intercrossed in all possible combinations. Seeds from the selfings and the allelism tests were germinated during the winter on filter paper in an incubator set with long, warm days (15 h -24°C) and short, cool nights (9 h -4°C). In the spring, seeds were germinated under natural light in the greenhouse mist bench in 48-cell flats filled with ProMix. The phenotypes of seedlings were scored as they emerged. Crosses were repeated until at least 12 seedlings were obtained for each allelism test. A minimum of 12 seedlings were scored per cross to reduce the probability of falsely scoring a cross as non-allelic (the chance of observing 12 normal seedlings from a cross between two carrierss at the same locus is 0.7512=0.032). The majority of the allelism tests resulted in far more than 12 seedlings (mean number of seedlings scored per cross = 42.5).
Genetic analysis of the California population
Seed samples were collected in late August 1989, from the population of M. guttatus studied by Kiang & Libby (Kiang, 1970; Kiang, 1972; Kiang & Libby, 1972 ). This population is located along Schneider Creek in Plumas County, California, and the seed samples were collected from plants in Sections B, C, and D described in fig. 2 of Kiang & Libby (1972) . Many unrelated carriers for chlorophyll-deficient mutations were isolated by the procedure followed in the surveys of the Iron Mountain and Cone Peak populations. Six of these carriers were retained for more detailed genetic analysis because of the wide variety of segregation ratios observed in the selfed progeny of these plants. Allelism tests were then conducted on these six carriers in the manner described above. Germination rates for the selfed seeds were 0.829 (± 0.0134) for Iron Mountain and 0.669 (±0.0184) for Cone Peak (Willis, 1991) . Two hundred and one of the 327 selfed families that were planted from Cone Peak produced 12 or more seedlings, compared with 251 of the 356 families planted from Iron Mountain. These moderate germination rates, coupled with the When all 1,980 selfed seedlings from these 26 carriers are anlaysed together (mean of 76 seedlings per carrier), the ratios of the seedlings are not significantly different from 3:1 (Table 2) .
Results
Population surveys
Six carriers produced segregation ratios that were significantly different from single locus expectations (Table 3 ). The seedling ratios of four of these carriers (41, 198, 494, and 552) were also significantly different from the pattern expected with duplicate gene expression. The proportion of chlorophyll-deficient seedlings for carriers 41 and 552 were consistent with the 9:7 ratio expected when the carrier is heterozygous for two independent chlorophyll mutations, such that homozygosity at one locus is sufficient for the expression of the mutant phenotype. These two carriers had seedling frequencies that were significantly different from the 27:37 ratio expected with segregation at three independent loci. The proportion of lethal seedlings from carrier 494 was significantly greater than that expected with segregation at one or two independent recessive chlorophyll mutations, but was consistent with the three locus expectation (27:37). Carrier 198 produced too many chlorophyll-deficient seedlings for single locus or duplicate gene expectations, but too few for the ratios with two or three independent loci. The two most plausible explanations of this unusual seed- Table 3 Segregation ratios of carriers that were significantly different from 3:1. Also presented are the x2 values with different modes of inheritance. The ratio of normal to chlorophyll-deficient seedlings for each carrier was compared, using x2 tests with 1 d.f., to ratios expected with inheritance due to one locus (3:1), two independent loci (9:7), three independent loci (27:37), and duplicate loci The first six crosses listed in Table 4 involve all possible crosses between the four carriers 61, 161, 368, and 553. Carrier 553 originated in the Cone Peak population, while the other three carriers were from Iron Mountain. Carrier 161 was identified in the segregation tests as being heterozygous at two duplicate loci, such that homozygosity at both loci was necessary for expression of the mutant phenotype (Table 3) . Carriers 368 and 553 were identified as being heterozygous at a single locus, while the number of progeny scored for carrier 61 was too small to distinguish between these two possibilities. The fact that mutant progeny were observed in the crosses between the double heterozygote 161 and the other carriers suggests that carriers 368, 553, and possibly 61 were homozygous mutant at one of the duplicate loci and heterozygous at the other locus. If this hypothesis is correct, segregation ratios of crosses between 161 and the other three genotypes should result in 7:1 seedling ratios, while crosses among carriers 61, 368, and 553 should all produce segregation ratios of 3:1. Table 4 shows that the three crosses among carriers 61, 368, and 553 resulted in ratios that were consistent with a 3:1 ratio and significantly different from a 7:1 ratio. These results confirm that carrier 61, like 368 and 553, was heterozygous at only one locus. All the crosses between these four carriers involving carrier 161 produced proportions of chlorophyll-deficient seedlings consistent with the expected 7:1 ratio, but only one of these three crosses had sufficient numbers of progeny to reject the 3:1 segregation hypothesis. Carrier 132, which was identified earlier as being heterozygous at two duplicate loci (Table 3) , did not produce any mutant progeny when crossed to the four carriers 61, 161, 368, and 553 (mean number of progeny per cross = 39.5), suggesting that the putative duplicate locus system of carrier 132 is different from the system just analysed.
Three of the remaining six allelic crosses involved the three carriers 79, 552, and 626, all of which originated from the Cone Peak population. Carriers 79 and Table 4 Segregation ratios for those crosses between carriers that resulted in at least one chlorophyll-deficient seedling. Ratios of normal to chlorophyll-deficient seedlings were compared to ratios expected in crosses between carriers both heterozygous at the same locus (3:1) and between a carrier heterozygous for one locus of a duplicate system and homozygous recessive at the other locus of a duplicate locus system (e.g. Aabb or aaBb), and a carrier heterozygous for both of those loci (expected ratio 7:1) Table 5 shows the frequency of allelism in crosses among the 26 carriers known to be heterozygous for one of more independently acting loci. Carriers involved in the two duplicate gene systems (61, 132, 161, 368, and 553) were excluded from the analysis because they do not provide information about the alternative selective hypotheses operating at independently acting loci. Of the 325 possible crosses, 291 were completed, with a total of 12,298 seedlings scored. Six of these crosses produced chlorophylldeficient seedlings, so the rate of allelism is 0.0206. These results suggest that the vast majority of carriers in the Iron Mountain and Cone Peak populations are heterozygous at unique loci.
The number of different complementation groups (loci) present in these 26 carriers, which are known to (Table 4 ) and the selfed segregation ratios of multiply heterozygous carriers (Table 3) . First, the maximum number of loci present in the four carriers that were heterozygous for more than one lethal and not exhibiting duplicate gene inheritance is 9, assuming that carrier 198 was heterozygous at two loci (Table 3) . Without taking into account the results of the allelism tests, this suggests a maximum of 31 different complementation groups (nine from the four carriers discussed above, plus 22 from the remaining single locus carriers). When the allelism results are taken into account (Table 4) , it is clear that several of these carriers were heterozygous for the same lethal allele, so that the true number of different loci must be less than 31. The actual number of different complementation groups, based on the allelism results (Table 4) , is therefore 26. There are an additional two complementation groups when one considers the two duplicate-acting two-locus systems.
Genetic analysis of the California population Table 6 shows the segregation ratios of six carriers that were retained for genetic analysis. The first three carriers listed in the table clearly display the expected 3:1 ratios of normal to mutant seedlings. The number of normal and mutant progeny of carriers 5 and 13 do not follow the expected single-locus ratios but are perfectly consistent with the expectations with duplicate gene inheritance. A third pattern of inheritance is apparent in the progeny of carrier 6: the ratio is different from single and duplicate gene expectations, but is consistent with the 9:7 ratio expected with segregation at two independent loci. Allelism tests resulted in some chlorophyll-deficient seedlings being produced in all Table 6 Segregation ratios for six carriers obtained from the Schneider Creek population in Plumas County, California, studied by Kiang & Libby (1972) . The ratio of normal to chlorophyll-deficient seedlings for each carrier was compared to expectations using x2 tests with 1 d.f. carriers not involved in either duplicate locus system was 0.0206, a rate which is quite close to the 2-3 per cent allelism rates for nearly recessive lethals within populations of Drosophila (Dobzhansky & Wright, 1941; Wright eta!., 1942) .
ID
The large number of independent loci segregating for chlorophyll-deficient lethals in these two M.
guttatus populations is clearly inconsistent with the hypothesis of single locus overdominance as the cause of this component of inbreeding depression, although the possibility of weak overdominance at all of these loci cannot be ruled out. The results are much more consistent with mutation-selection balance at many loci, such that the mutant allele frequency at any single locus is very small. The number of nuclear genes capable of mutating to chlorophyll-deficient lethals is not known in any plant species but the number of loci characterized in maize (Riman, 1963; Crumpacker, 1967) and in barley (Wettstein eta!., 1971) surpass 100 and the actual number could be several times higher.
It is possible to estimate the rate of mutation to chlorophyll-deficient lethals per genome per generation by assuming that the mutations analysed in this study are maintained by mutation-selection balance and by using data on the frequency of heterozygotes and on the rate of self-fertilization in the populations (Ohta & Cockerham, 1974) . If it is assumed that the chlorophyll-deficient lethals are completely recessive, then the genomic mutation rate to lethals, U, can be estimated as U= HS/2, where H is the frequency of individuals heterozygous for lethal genes and S is the selfing rate (Ohta & Cockerham, 1974; Charlesworth et a!., 1990) . Given the frequency of carriers in each population (Table 1) , and from knowledge of the carriers involved in the two duplicate gene systems, estimates of H are 0.054 for Iron Mountain (19/352) and 0.02 1 for Cone Peak (7/326). Estimates of the selfing rates, S. for both populations were low (0-0.09) in 1989, and somewhat higher (0.25-0.45) in 1990 (Willis, 1991) . If the conservative assumption is made that the populations are mainly outcrossing on average (S 0.05), then the estimates of the genomic mutation rate are U = 1.4>< 10 for Iron Mountain and U= 5.3 x 10 for Cone Peak. The frequency of recessive lethals in a population is quite sensitive to occasional population bottlenecks or periods of high self-fertilization, so these different estimates of U might reflect a history of higher selfing rates or smaller population sizes in Cone Peak, and not true differences in the mutation rate (Wright, 1969; Lande & Schemske, 1985) . Approximate mutation rates per locus can be obtained by dividing the genomic rate estimates by the number of loci capable of mutating to chlorophylldeficient lethals. With the reasonable assumption that the number of potentially mutable loci is 200-5 00 (Crumpacker, 1967; Wettstein et a!., 1971) , the estimated mutation rates per locus are on the order of 10-6, a value that is strikingly similar to the estimated per locus mutation rate to lethals in Drosophila of 2 x 10-6 (Crow & Simmons, 1983) .
These mutation rate estimates are likely to be underestimates of the true mutation rate becaues of a possible ascertainment bias in detecting heterozygotes. In addition, if the populations are more highly selfing even occasionally, as was indicated by the moderate outcrossing rate estimates in 1990, then U would have to be higher to account for the observed frequency of carriers. Partial dominance of the chlorophyll-deficient lethals would also result in larger estimates of the genomic mutation rate. Lethals segregating in Drosophila populations are not completely recessive and the dominance coefficient has been estimated to be about 0.02 (Crow & Simmons, 1983) . Finally, the calculation used to estimate U was derived for an infinite population. Finite population size will tend to decrease the average frequency of lethals (Wright, 1937; Nei, 1968; Robertson & Narain, 1971; Lande & Schemske, 1985) so that a larger U would be needed to explain the observed values of H.
The estimates of U obtained in this study are of similar magnitude to estimates obtained for several agricultural species. Crumpacker (1967) reviewed an early study of maize (Hayes & Brewbaker, 1924) and estimated that the mutation rate to chlorophyll-deficient alleles per gamete was 0.002 (U== 4 x 10). Ohnishi (1982) studied the frequency of chlorophylldeficient mutants in populations of cultivated buckwheat and from these data Klekowski (1988) estimated the genomic mutation rate to be 4 X l0-. A very similar direct estimate of U= 6.3 X l0 was obtained in barley (Jørgensen & Jensen, 1986) .
The results of Kiang and Libby's study of the California M. guttatus population stand in sharp contrast to the results presented here (Kiang, 1970 (Kiang, , 1972 . In their study, direct estimates were made of the single locus mutation rate by crossing normal homozygotes (WW) with heterozygotes (Ww) and scoring the frequency of mutant seedlings (Kiang & Libby, 1972) . The genotypes used in their experiment were determined by selfing plants collected in the field and germinating at least 30 seeds: plants that failed to produce chlorophylldeficient seedlings were classified as WW. Their experiment yielded as unusually high single locus mutation rate estimate of 1.3 X 10. The authors also found slight segregation distortion in favour of the mutant allele in WW x Ww crosses but not in Ww )< Ww crosses (Kiang, 1970; Kiang & Libby, 1972) .
The progeny and allelism tests conducted in the present study clearly demonstrate that the genetics of chlorophyll-deficiency in the Schneider Creek population is considerably more complex than supposed by Libby (Kiang, 1970, 1972; Kiang & Libby, 1972) . The common allele studied by Kiang and Libby was actually part of a duplicate gene system, where the mutant allele at one locus was far more common than the mutant allele at the other locus. This would result in the single heterozygotes (aaBb or Aabb) being far more common than the double heterozygote (AaBb) and therefore a 3:1 ratio would frequently be observed.
The segregation ratio of carrier 6 also suggests that other independent genes can also produce chlorophylldeficient seedlings, as one would expect. The high single-locus mutation rate and the peculiar form of segregation distortion reported by Kiang and Libby (Kiang, 1970; Kiang & Libby, 1972) could be explained if occasionally a double heterozygote was misidentified as WW and used in the mutation rate or segregation distortion studies. Misclassification of WW genotypes could have happened because sometimes as few as 30 selfed progeny were scored (Kiang & Libby, 1972) , resulting in an appreciable chance that no chlorophyll-deficient seedlings would be observed in the progeny tests of AaBb plants. Rare crosses between AaBb (thought to be WW) and aaBb and Aabb (thought to be Ww) in the mutation rate study would produce some chlorophyll-deficient seedlings and this could account for the observed single-locus mutation rate that was two or three orders of magnitude greater than expected. Similarly, the occasional inclusion of a double heterozygote in the segregation distortion study could result in deviations from the expected 1:1 ratios of WW to Ww. Of the normal progeny produced when AaBb is crossed to aaBb or Aabb, five out of seven will be expected to segregate for chlorophyll-deficient seedlings when selfed.
Although some chlorophyll-deficient seedlings should have been produced in these crosses, they might not have been detected if family sizes were small or if they were excluded because of being attributed to pollen
contamination. An excess of progeny that segregate for lethal genotypes would also be produced if the carriers aaBb or Aabb (Ww) were occasionally crossed to AABb or AaBB (WW), respectively. The fact that segregation distortion was never observed in crosses between known single heterozygotes (Ww =aaBb or Aabb) makes sense under this alternative hypothesis. It is still not clear why lethal recessive alleles are so frequent in this population but if plants reproduce primarily clonally (Kiang & Libby, 1972) , so that recessive genes are very rarely exposed to selection, then mutation pressure alone might be a sufficient explanation.
Duplicate gene inheritance of chlorophyll-deficient lethals was also found in the Iron Mountain and Cone Peak populations. A similar pattern of inheritance of chlorophyll-deficient lethals is well known in maize (Demerec, 1923; Crumpacker, 1967) and in tobacco (Qausen & Cameron, 1950) . Mutation-selection balance and the evolution of inbreeding depression at duplicate loci is more complex than when mutations act independently because selection against the mutants occurs only in the double homozygote. Fisher (1935) first pointed out, in his discussion of tetraploidy, that in an infinite population with equal mutation rates of two loci, the frequency of the double homozygous lethals will equal the mutation rate. This means there can be many different combinations of the mutant allele frequencies at the two loci at equilibrium, such that the frequencies of the two lethal alleles may either equal or asymmetrical by any amount.
The amount of inbreeding depression generated by mutation-selection balance at duplicate loci was studied by Lande & Schemske (1985) and, assuming that the mutant frequencies were the same at both loci, was found to be half that with mutation-selection balance at a single locus. The assumption of equal gene frequencies at the two loci meant that most deleterious genotypes would be produced by selfing in the double heterozygotes. If gene frequencies are not equal at the two loci, as might be expected with drift or unequal mutation rates, then the inbreeding depression will more closely resemble that with single locus inheritance. Fixation of one of the deleterious alleles can occur when there are unequal mutation rates at the two loci (Christiansen & Frydenberg, 1977) or when the population size is small (Haldane, 1933; Nei, 1969; Ohno, 1972; Nei & Roychoudhury, 1973; Maruyama & Takahata, 1981) . Gene silencing by the fixation of null alleles at duplicate loci has occurred frequently in the evolution of presumed ancient polyploids like salmonid and catostomid fishes (Allendorf, 1976; Ferris & Whitt, 1977; Li, 1980) and ferns (Werth eta!., 1985; Bryan & Soltis, 1987; Gastony, 1991; Werth & Windham, 1991) . It is not possible to obtain accurate estimates of the frequencies of double heterozygotes at either duplicate system found in the Iron Mountain and Cone Peak populations in this study because the family sizes in the population survey were too small to avoid substantial ascertainment bias. However, it seems unlikely that the mutant gene frequencies are equal at the two loci, at least for the system involving carrier 161, because in both populations several carriers were detected that were homozygous for the lethal allele at one locus and heterozygous at the other locus. If there is substantial asymmetry in the mutant allele frequencies, then the magnitude of inbreeding depression at these duplicate loci is expected to be roughly similar to that caused by normal single locus inheritance.
The fraction of the total inbreeding depression in the Iron Mountain and Cone Peak populations attributable to chlorophyll-deficient lethals is rather small. In the inbreeding depression experiments in Willis (1991) , any chlorophyll-deficient seedlings were scored as not having germinated, so that genetic load due to these genes was expressed only during the germination stage of the life cycle. In the field and greenhouse experiments of Willis (1991) , differences between selfed and outcrossed individuals were expressed at almost all life-history stages measured in both populations, and inbreeding depression during the germination stage contributed only a fraction of the total measured inbreeding depression. In addition, no more than a small fraction of the inbreeding depression expressed during seed germination was caused by segregation of chlorophyll-deficient lethals. Only about 5 per cent of selfed families used in any of the experiments are expected to have been produced by an individual heterozygous for these mutations (Table 1) . In populations of organisms with a long history of outcrossing and large population sizes, a substantial proportion of the genetic load and inbreeding depression can be caused by recurrent mutation to recessive or nearly recessive lethals. In several species of Drosophila, for example, the ratio of the genetic load due to mildly detrimental genes to the genetic load due to lethals is usually less than one (Greenberg & Crow, 1960; Simmons & Crow, 1977) . Lande & Schemske (1985) showed that even a small amount of self-fertilization (on the order of a few per cent) can greatly reduce the equilibrium frequency of completely recessive lethals below that with complete random mating. An increase in the rate of self-fertilization has a much smaller effect on the reduction of the frequencies of partially dominant lethals. The freqencies of such alleles will be quite low even in outcrossing populations because most of these lethals are eliminated from the population as heterozygotes (Lande & Schemske, 1985) . For these theoretical reasons, lethals are expected to contribute relatively little to the total inbreeding depression in partially selfing populations.
The results presented here on two partially selfing populations of M. guttatus are in accord with these predictions.
